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ABSTRACT 

A new determination of the sound horizon scale in angular coordinates is presented. 
It makes use of ~ 0.6 x 10 6 Luminous Red Galaxies, selected from the Sloan Digital 
Sky Survey imaging data, with photometric redshifts. The analysis covers a redshift 
interval that goes from z = 0.5 to z = 0.6. We find evidence of the Baryon Acoustic 
Oscillations (BAO) signal at the ~ 2.3a confidence level, with a value of 9bao( z = 
0.55) = (3.90 ± 0.38)°, including systematic errors. To our understanding, this is 
the first direct measurement of the angular BAO scale in the galaxy distribution, 
and it is in agreement with previous BAO measurements. We also show how radial 
determinations of the BAO scale can break the degeneracy in the measurement of 
cosmological parameters when they are combined with BAO angular measurements. 
The result is also in good agreement with the WMAP7 best-fit cosmology. We obtain 
a value of wq — — 1.03 ± 0.16 for the equation of state parameter of the dark energy, 
or Qm — 0.26 ± 0.04 for the matter density, when the other parameters are fixed. We 
have also tested the sensitivity of current BAO measurements to a time varying dark 
energy equation of state, finding w a = 0.06 ± 0.22 if we fix all the other parameters to 
the WMAP7 best-fit cosmology. 

Key words: data analysis - cosmological parameters - dark energy - large-scale 
structure of the universe 



1 INTRODUCTION 

The Baryon Acoustic Oscillations (BAO) signal imprinted 
in the galaxy distribution was first convincingly detected in 
2005 (Eis enstein et al.||2005|), using th e Sloan Digital Sky 
Survey (SDSS^jdata ( |York et a!|2 000). Since then, several 



more detections at different redshifts intervals have been 



done 


(Percival et al.| 


2007 Sanchez et al.| 


2009) [Gaztanaga 


et al.|2009; Rcid ct al. 2010||Percival et al.|2010||Kazin et al. 


2010) 


. All those used spectroscopic data in order to calculate 



galaxy redshifts, which has been the traditional technique to 
estimate distances, and measure the cosmological parame- 
ters through an averaged three-dimensional evaluation of the 
BAO scale. 

Furthermore, the purely radial BAO signal was first 



obtained in Gaztanaga et al. (20091, where they measure 



the redshift intervals that correspond to the sound horizon 
scale at two different redshifts. There are ongoing or pro- 
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posed projects like BO SS ( jSchlegel et al.|2007[ ) or BigBOSS 
(Schlegel et al. 2009) that will use massive measurements 



of galaxy spectra to obtain new measurements of the BAO 
scale, more precise and deeper than current determinations. 

The feasibility of measuring the BAO signal using 
photometric redshifts (photoz) was first demonstrated in 
|Padmanabhan et al] (|2007[ ) (see also |Blake et al] ( |2007[ ) 
and Thomas et al. (20111). Large multiband imaging sur- 



veys are a powerful way to explore the clustering proper- 
ties of galaxies. Their advantage is the possibility of map- 
ping wider areas in deeper volumes, compared with spec- 
troscopic surveys. However, the precision of the photoz is 
worse than its spectroscopic counterpart. There are projects 



like DES (The Dark Energy Survey Collaboration 20051, 



PanS TARRS ( |Kaiser et al.||2000[ ) or LSST ( |Tyson et al 
|2003[ ) that aim to obtain the most precise cosmological con- 
straints using imaging alone, compensating the lack of pre- 
cision in redshift, with a larger volume and higher galaxy 
density, and also with the possibility of studying different 
galaxy populations. 

In this paper, a new determination of the BAO angular 
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Figure 1. The mask used in this analysis, as a Mollwide projec- 
tion in equatorial coordinates. The white regions are excluded of I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i 
the analysis. The vertical band is due to the photoz used in this 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 



scale is presented. The measurement has been done upon 
a photometric sample of Luminous Red Galaxies (LRG), 
obtained from the SDSS seventh data release (DR7), pub- 



lished by Abazajian et al. (2009|. We study the BAO signal 
at a redshift interval that goes from z — 0.5 to z = 0.6, 
using the photometric sample described in the companion 
paper ( |Crocce et al. 2011 1. This measurement is the first 
direct detection of the purely angular BAO signal, and it is 
complementary to the purely radial BAO and to the three- 
dimensional averaged BAO signal, contributing to break de- 
generacies in the determination of cosmological parameters. 
We use a model independent method to measure the an- 



gular BAO scale with precision (Sanchez et al. 20111. The 



method is based on a parameterization of the angular cor- 
relation function as a sum of a power law, a constant and a 
Gaussian. There are a total of 6 parameters and the BAO 
position and its significance are given by the location and 
S/N in amplitude of the Gaussian. It is robust against sys- 
tematic errors, it uses only observable quantities and it is 
independent of any assumption about other parameters or 
the shape of the correlation function. Furthermore, we have 
evaluated the systematic errors associated with the measure- 
ment. 

The paper is organized as follows. First, we briefly ex- 
plain the LRG selection criteria, that is common with the 
companion paper ( |Crocce et al]|2011[ ). Then, the measure- 
ment of the angular BAO scale in the 2-pt angular corre- 
lation function is discussed. Next, we combine this result 
with previous measurements of the averaged and radial BAO 
scales to obtain new cosmological constraints, and finally, we 
comment on the conclusions. 



2 SELECTION OF THE GALAXY SAMPLE 

We perform a color based selection of LRG in the SDSS-DR7 
imaging sample, based on that published by |Cabre et al.| 
(2006). The selection is described in more detail in the com- 
panion paper ( Crocce et al. |20lT \ . First, we select the region 



Figure 2. The observed angular correlation function for the an- 
alyzed redshift bin, lu(9, z = 0.55). The solid line is the result of 
fitting the function to a power law plus a Gaussian, following the 
method presented in [Sanchez et al.||2011[ |, and including the co- 
variance matrix. The dotted line shows only the power law. The 
BAO signal is detected with a statistical significance of 2.3o\ 



stein et al 



in the color-col or space that is populated by LRGs (Eisen- 
200l| , requiring (r-i) > -^^+0.36 and (g-r) > 
Then, we minimize the star contamina- 



+ 1.7. 



-0.72 (r 

tion, imposing an additional set of cuts: 17 < rp etro < 21, 
< crr pctro < 0.5, < (r - i) < 2, < (g - r) < 3 and 
22 mag arcsec -2 < fi^o < 24.5 mag arcsec -2 . In these cuts, 
g, r and i are the model magnitudes corrected by extinc- 
tion, <j rpctro is the error on the Petrosian magnitude rp etro 
and /150 is the mean surface brightness within the Petrosian 
half-light radius in the r band. Finally, only galactic lati- 
tudes b > 25° are considered. A total of ~ 1.5 x 10 6 objects 
are selected, with a star contamination of 4±1%, determined 
using the spectroscopic SDSS sample. 

We use the angular mask depicted in Figure[l]as a Moll- 
weide projection in equatorial coordinates, which amounts a 
total area of 7136 square degrees. Only the largest contigu- 
ous area of the survey is considered in this analysis. There 
is also a vertical band in the mask that it is excluded due 
to the photoz catalog we have used, described in the next 



section. For further details, see Crocce et al. (20111 



3 CORRELATION FUNCTIONS 



The photometric redshift determination developed in |Oy-| 
aizu et al. ( 2008 1 is used in this analysis. It is combined 
with the value added catalog of Cunha et al. (20091, where 



the photometric redshift probability distribution function 
(PDF) for every object is given, following the method of 
Lima et al. (20081. We determine the redshift for each ob- 



ject as the maximum of its PDF, but the full PDF distri- 
bution is used to estimate the true distribution of objects 
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Figure 3. The true redshift distribution of selected galaxies. It 
has been obtained summing all the galaxies PDFs within the bin. 
The vertical lines are the limits of the photometric redshift bin 
under study. 



with redshift. Objects with PDF distributions that do not 
satisfy good quality requirements are rejected (see |Crocce| 
et al. (2011 1 for a detailed description of the photomet- 



ric redshift quality requirements). The highest redshift re- 
gion, 0.5 < z < 0.6, is chosen for this analysis. It contains 
0.61 x 10 6 objects. 

We chose this bin width for two reasons. First, a much 
narrower bin does not enhance the sensitivity, due to the di- 
lution effect caused by the photoz. And second, a much wider 
bin will decrease the amplitude of the correlation function, 
making more difficult to detect the BAO signal. 

Figure [2] shows the measured angular correlation func- 
tion (dots) in this redshift bin. It has been computed using 
the Landy & Szalay estimator ( Landy fc Szalay|1993 1. 

The error and covariances in the angular correlation 
function have been evaluated using three independent meth- 
ods. First, we have generated 50 artificial realizations of the 
observed uj{9). The error is computed as the dispersion of 
the generated realizations, taking into account the fraction 
of the sky that the survey covers. Second, we have used 
the standard Jack-Knife procedure, dividing the area in 80 
regions. And third, we have used the theoretical descrip- 



tion, following the result in Crocce et al. ( |2010[ ). The three 
determinations agree within 25% in the square-root of the 
diagonal elements of the covariance matrix. To see a more 
detailed discussion of the error calculation, see |Crocce et al.| 
(2011). 



4 RESULTS 



We use the method described in |Sanchez et al.| ( |2011| ) to 
measure the BAO scale, using the observed correlation func- 
tion of the previous section. The method is based on the 
description of u}(6) as the sum of a power law to describe 
the continuum and a Gaussian peak to describe the BAO 
feature: 



This expression is fitted to the data with free parame- 
ters A, B, C, 7, 9fit and a. The true BAO scale is recovered 
from the fitted parameter Ofit after correcting for the pro- 
jection effect due to the width of the redshift bin where the 
analysis is performed: 



9 bao = a(z,Az) Qfit- 



(2) 



The factor a is taken from the analysis presented in 
Sanchez et al. (20111, and depends on the redshift, z, and 
the redshift bin width, Az. 

The fit is presented in Figure [2] (solid line), compared 
to a single power law (dotted line). This fit includes the full 
covariance matrix, obtained with the Jack-Knife method, 



as seen in the companion paper. In Crocce et al. (20111 



we calculate both the Jack-Knife and the analitical covari- 
ances, finding that both are compatible with each other and 
that results don't depend on the chosen covariance matrix 
( [Crocce et al.|2011[ ). 

The BAO peak is detected with a statistical signifi- 
cance of 2.3 standard deviations. The statistical significance 
is computed using two methods. First, we use the fitted pa- 
rameter C from Equation [l] and we quote the significance 
as its difference from zero. Second, we compare the result 
with a theoretical model that includes the BAO wiggles and 
with a model that doesn't include them (this comparison is 
fully described in Crocce et al. (2011 1). Both determinations 
agree in the significance of the detection. 



4.1 Systematic Errors 

The main systematic errors affecting this measurement have 



been described in Sanchez et al. (20111, and we add them 



to our error budget here, except for the photometric red- 
shift, which is recalibrated. The reason for this recalibration 
is that the photometric redshift in SDSS is not perfectly 
Gaussian, as it was supposed in Sanchez et al. ( 2011[). 



w(0) = A + B6 1 + Ce 



(1) 



We have recalibrated the photoz error by calculating 
the dispersion in the BAO scale if we compute u)(8) with 
different photoz codes, all contained in the SDSS DR7 cata- 
log. We redo the full analysis using the photometric redshift 
given by the photozdl and also by using the full PDF as the 
redshift, and not only the maximum probability. In the latter 
case, all galaxies has a probability to lay within the selected 
redshift bin, for example, in the redshift bin 0.5 ^ z ^ 0.6. 
The only difference in the numerical algorithm is that, in- 
stead of calculating distances between pairs of galaxies, now 
we calculate distances between probabilities of galaxies, and 
weight the distance depending on the probability of pairs in 
the given bin. 

We found that the amplitude of the correlation func- 
tion does change, being smoother if we use the full PDF, 
but the measured scale 9b AO is stable within 2% for all 
cases, including the photozdl estimation. Therefore, we add 
a contribution of 2%, coming from the different photoz code 
used, to the 5% found in |Sanchez et al.] ( |2011[ ), which only 
accounts for the smearing of the photoz in a ideal Gaussian 
case. The total systematic error due to photometric redshift 
is then A0BAo(photoz) = 7%. 

Moreover, there are some additional effects that need 
to be taken into account on top of those of Sanchez et al. 
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(20111. These are the effects related to the selection of the 



sample (selection cuts, mask and contamination). 

To evaluate the systematic error associated to the se- 
lection criterias, we vary the selection cuts of section [2] 
and recompute u[ff). Then, we compare the new measured 
Obao with the nominal value. We have tested variations 
in /i 5 o, (r — i) and (g — r) within 10% of their nomi- 
nal limits in section [2] The maximum variation found is 
AOs ao (selection) — 2.5%, when we vary the /X50 limits. In 
all cases, variations in Obao are always below the statistical 
uncertainty, that in our case is ~ 5%. AOs AO (selection) = 
2.5% is assigned as the systematic error due to the sample 
selection. This is actually likely to be conservative and most 
likely larger than the true la value, but it is almost negligi- 
ble compared to the 7% uncertainty of the photoz and the 
5% statistical uncertainty. 

We have also varied the mask in order to assess further 
uncertainties in our result. First we relax the cut in b > 
25°, and allow areas with b < 25°. The effect of this cut in 
the galaxy number density can be seen in Figure 3 of the 
companion paper Crocce et al. (20111. There is a gradient 



in the number density of galaxies at low galactic latitudes, 
implying there is a population of objects, belonging to our 
galaxy, that is contaminating the sample. The effect in Obao 
is similar to the effect that we obtain when we vary the 
galaxy selection cuts. Both produce smooth distortions in 
the clustering signal. 

We also compute lo(0) for different quality values of 
extinction, seen at the bottom panel of Figure 4 in the com- 
panion paper Crocce et al. (20111. We eliminate areas with 



extinction higher than 0.15, 0.2 and without limits. Varia- 
tions in Obao are almost negligible, as we are dominated 
by the statistical error. For the mask, the strongest differ- 
ence occurs if we allow areas with b > 20°. The variation 
is of the 2%, associated with the mask systematic error as 
A0 B Ao(mask) = 2%. 

We recall that both error estimations are likely to be 
overestimated, althought both are almost negligible in com- 
parison with the statistical error of 5% and the 7% photoz 
systematic error, therefore, and considering the level of pre- 
cision in the data, we believe it is reasonable to follow this 
prescription. 

The influence of stars contamination has also been 
checked. We have fitted the correlation function including 
the star contamination as a constant factor, multiplied by 



the star correlation function (see Crocce et al. (2011 1). The 
influence is found to be negligible, since the correlation func- 
tion of stars varies very slowly with the angular scale. Vari- 
ations in Obao are AOBAo(stars) < 0.1%. Moreover, we 
have included different levels of stars contamination in the 
theoretical correlation functions presented in Sanchez et al. 
(20111, always as a constant factor multiplied by the star 



correlation function. We have applied our method to all of 
them and we found that the Obao obtained with our param- 
eterization is insensitive to the presence of stars, at least for 
contaminations up to 10%. 

The full accounting of systematic errors is presented in 
Table[l] The total systematic error budget is A0BAo(sys) = 
8.0%. 

About the significance of the detection, we found that 
the effect of these systematics in the significance can pro- 
duces maximum changes of the order of the 10%, up to a 
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Figure 4. The angular BAO scale as a function of redshift. The 
measurement presented in this paper is the solid dot. Its error 
includes both the statistical and the systematic contributions. 
The other measurements are inferred from the given reference 
by translating the three-dimensional averaged distance parame- 
ter Dy, into an angular scale, with the fiducial cosmology used 
in each reference. All of them are compatible with the WMAP7 
cosmology (solid line). The band includes the uncertainty in the 
Hubble constant Ho. Some of the measurements at z = 0.35 have 
been slightly displaced in redshift for clarity. 



Systematic error 



AObao 



Parameterization 1% 

Photometric redshift error 7% 

Redshift space distortions 1% 

Theory 1% 

Projection effect 1% 

Selection of the Sample 2.5% 

Survey mask 2% 

Table 1. Estimation of systematic errors in the determination of 
9 BAO- Those above the horizontal line are taken from [Sdnchez| 
|et al.| |20TTJ , except the error coming from the photometric red- 
shift, which has been recalibrated for this work. The others are 
the main new contributions that arise from a real photometric 
redshift survey. 



significance of 2.6<r, if we cut in b > 20° and using the maxi- 
mum probability as the redshift and the nominal color cuts. 
We don't find any clear correlation with cuts or with which 
photoz code we used. This is due to the fact that we are yet 
limited by statistical uncertainties and the smearing of the 
photoz. 



4.2 Comparison with Previous Measurements 

The fitted angular scale, associated with the BAO scale is 
0fit(z = 0.55) = 3.48 ± 0.19°, obtained upon a redshift 



bin of width Az p hoto = 0.1. Following Sanchez et al. (2011 1, 
this value must be corrected to obtain the true BAO angular 
scale, Obao = ct(z, Az)0fit- For this redshift and bin width, 
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Figure 5. Constraints in the equation of state of the dark energy using the data in Figure [4] and the radial BAO measurements from 
|Gaztahaga et aT] | |2009| l. Left: Constraints in the plane too, t"ai where w(a) = wq + w a (l — a), and a the scale factor of the universe. 
Data is compatible with a dark energy that behaves as a cosmological constant to better than lcr. (solid dot). Right: Constraints in the 
plane w, £l m . The dash-dotted line corresponds to the Cosmological Constant and is compatible with the data. 



the correction is a(z = 0.55, Az tr „ e = \/2nAz p hoto) = 1.12. 
The final result for the BAO scale, including statistical and 
systematic errors is 8bao(z = 0.55) = 3.90 ± 0.38°. 

The evolution of the angular BAO scale with redshift 
is presented in Figure [4] The measurement presented in this 
analysis is the solid dot, including the statistical and the 
systematic errors. The other measurements are inferred from 
the given reference, by translating the three-dimensional av- 
eraged distance parameter Dy into an angular scale, with 
the fiducial cosmology used in each reference. All the mea- 
surements are in agreement with the WMAP7 cosmology to 
better than la, represented by the solid line. The band in- 
cludes the uncertainty in the determination of the Hubble 
constant Ho ( Riess et al.|2011 1. 

We have tested the sensitivity of current BAO mea- 
surements to a dark energy with an equation of state pa- 
rameter that varies with time, as io(a) — wq + w a (l — a), 
where a is the scale factor of the universe. In Figure [5] 
(Left) we show the allowed regions for parameters wo and 
w a , when we fit the evolution of the BAO scale using the 
data in Figure |4j plus the radial BAO scales at z = 0.24 
and z = 0.43 from Gaztafia ga et alT] ( |2009[ ), which values 
are r s (z = 0.24) = 110.3 ± 2.9 ± 1.8 Mpc/h and r s {z = 
0.43) = 108.9 ± 3.9 ± 2.1 Mpc/h. We fix all the other cos- 
mological parameters to their values in the WMAP7 tuCDM 
cosmology ( Komatsu et al.||2011 l, and we use the most re- 
cent Hubble constant determination ( Riess et al.|2011 i. We 
have chosen the values of |Percival et al.|(|2007[) at z = 0.20, 



Percival et al 



Sanchez et al. (20091 



(2010j) at z = 0.275 
at z = 0.35 and the measurement presented in this paper 
at z — 0.55, since the other measurements at the same or 
similar redshifts are strongly correlated. Data is compatible 
at the la level with a dark energy that behaves as a cosmo- 
logical constant (wo = — 1, w a = 0, included as the solid dot 
in Figure fsj> . 



We have also studied the sensitivity of current BAO 
measurements in the plane w, Q. m , under the same condi- 
tions than above: we use the same data points and also in- 
clude the radial BAOs. The other parameters remain fixed 
plus w a , which is fixed to zero. The result is presented in 
Figure [5] (Right). The dash-dotted line shows the expected 
value for the Cosmological Constant, compatible with the 
data. 

If we fit to a single parameter, it gives w = — 1.03±0.16. 
The data is compatible with a cosmological constant with a 
precision of the ~ 20% in w. If we do the same study for Am, 
we find a value of Qm = 0.26 ± 0.04. Both measurements 
include systematic errors, and have been obtained fixing all 
the other parameters to the same values than above, except 
Ho, which has been varied within its uncertainty. We have 
now included the influence of Ho because it is larger in this 
case. The error budget in the parameter becomes 40% larger, 
including the Ho uncertainty. The influence in the previous 
2-dimensional constraints is smaller. 

The influence of our measurement in the cosmological 
constraints is shown in Figure [6] (Left), where we compare 
the constraints at 68% C. L. for all the data (bold) with the 
constraints obtained when the point of this study (z = 0.55) 
is excluded (light). The contribution of the new point is not 
negligible, since its inclusion makes the constraints more pre- 
cise. In particular, the figure of merit, defined as the inverse 
of the area within contours improves by 5%. Moreover, we 
have studied how the angular and the radial BAO scale mea- 
surements contribute to the cosmological constraints. This 
is depicted in Figure [6] (Right), where the light vertical con- 
tour corresponds to the angular BAO scales and the light 
diagonal contour corresponds to the radial BAO scales. The 
bold contour are the full combination at 68% C. L., also 
presented in Figure[5] (Right). Both determinations are com- 
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Figure 6. Left: The contribution of our determination Obao{ z = 0.55), to the dark energy equation of state constraints. The bold 
contour is the full combination, while the light contour is obtained when excluding our measurement at z = 0.55. The contribution of this 
new measurement is not negligible, improving by 5% the Figure of Merit. Right: Contribution to the cosmological constraints from the 
angular (light vertical contour) and radial (light diagonal contour) BAO scale measurements. Both determinations are complementary, 
and the combination (bold contour) breaks the degeneracy, making the constraints more precise. 



plementary and the combination clearly breaks degeneracies 
between cosmological parameters, enhancing the sensitivity. 

Some comments about the detection of the radial BAO 
are in order, since there are some claims saying that there is 
no convincing evidence of the detection ( Kazin et al.|2010 1 . 
For them, detection means a preference for a model with 
BAO as compare to a model without BAO. Nevertheless, we 
also consider the appreciation given in |Cabre fc Gaztafiaga 
( |2011[ ), who argue that it is not justified to use any of the 
current BAO measurements (radial or not) to do a clear 



Our relative error determination in the angular BAO 
scale is 9%. This is larger than the 6.5% uncertainty found 



model selection. Instead, Cabre & Gaztafiaga (2011 1 show 



that BAO measurements can be used for parameter fitting 
within CDM models, which is what we present here. 



5 CONCLUSIONS 

We have measured the BAO signal in the distribution of 
galaxies at the redshift interval 0.5 < z < 0.6, using a 
LRG sample selected from the SDSS DR7 photometric cat- 
alog. The BAO signal is detected with a statistical sig- 
nificance of 2.3 standard deviations, as expected from the 



characteristics of the sample (Crocce et al. 20111. The re- 



sult is in agreement with the WMAP7 cosmology, we find 
0bao{z = 0.55) = (3.90 ± 0.38)° for the angular BAO 
scale, including systematic errors. This is the first direct 
measurement of the BAO signal in angular space, and com- 
plements previous three-dimensional averaged and radial 
BAO measurements, making a significant contribution to 
break degeneracies between cosmological parameters. Com- 
bining with previous BAO measurements, this translates 
into uj — —1.03 ± 0.16 for the equation of state parame- 
ter of the dark energy, and Qm = 0.26 ± 0.04 for the matter 
density. 



by Padmanabhan et al. (20071, the only previous photo- 
metric determination of the BAO scale. This difference is 
not totally surprising, since our method to recover the BAO 
position only uses the information around the BAO peak, 



while Padmanabhan et al. (2007) includes all scales with 



k > 0.3. The impact and analysis of systematic effects is also 
quite different. For example, the above error in Padmanab- 
han does not include the photometric redshift uncertainties, 
while this effect dominates our systematic error budget (see 
Tablffl}- 

We have also studied the sensitivity of all BAO measure- 
ments obtanied up to date, to a time varying dark energy 
equation of state, finding uj a = 0.06 ± 0.22 when we fix all 
the other parameters to the WMAP7 cosmolgy. Therefore, 
the data is well described by a dark energy that behaves as 
a cosmological constant. 

This study is a confirmation of the feasibility to obtain 
precise cosmological constrains using photometric redshift 
surveys. This allows wider and deeper galaxy samples, with 
the caveat of a less precise redshift. However, the smaller 
precision in the redshift determination is compensated with 
the higher statistics, allowing a precise measurements of cos- 
mological parameters. 
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